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Defect Shunt Flow by Doppler Color Flow Mapping : Imaging of the
Laminar Flow Convergence Region on the Left Septal Surface
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An accurate but simple and noninvasive method for quantifying
flow across a ventricular septa) defect has yet to be implemented
for routine clinical use . A region of flow convergence is commonly
imaged by Doppler color flow mapping on the left septa) surface of
the ventricular seplal defect, appearing as a narrowed region of
laminar flow with abased flow velocities entering the orifice . If the
first atiasing region rep"eserts a hemispheric isovelocity, boundary
of a surface of flow convergence and all flow at this surf" crosses
the ventricular septa) defect, the flow through the defect can be
estimated by using the radius (R), measured from the first alias to
the orifice, and the Nyquist limit (NL) velocity (the dow velocity at
the first alias).
Doppler color flow imaging was performed in 18 children with
a single membranous ventricular septa) defect undergoing cardiac
catheterization at a mean age of 29 .8 months (Group I). Indexes of
maximal Bow rate across the defect were developed from either
Echocardiography combined with pulsed Doppler velocim-
etry has evolved as an important technique for studying
patients with a ventricular septal defect
. Spectral Doppler
imaging aids in localizing and verifying a ventricular seplal
defect imaged by two-dimensional echocardiography (1-51
and continuous wave Doppler ultrasound permits assess-
ment of right heart pressures
(6 .7) . Methods for noninvasive
quantilalion of the pulmonary In systemic flow ratio using
pulsed Doppler echocardiography have been described (8-
I2) . but are limited by practical difficulties in reproducibly
determining the area of flow and by the lime required for
obtaining images, Doppler curves and off-line calculations .
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the radius or the area, obtained by planimetry, of the first alias,
based on Doppler color flow images . All indexes were corrected
for body surface area and compared with shunt flow (Qp
- Qs)
and pulmonary to systemic flow ratio (Qp/Qs) determined at
cardiac catheterization . Doppler color flow indexes derived from
images of flow convergence in both the long-axis in = 15) and
oblique four-chamber in = 10) views correlated closely with
QplQs (r = 0 .71 to 0 .92) and Qp - Qs Ir = 0.69 to 0.97) . In
another eight patients (Group II), the same indexes correlated well
with results of Qp - Qs determined by planimetry of pulsed
Doppler curves and by areas measured with use of two-
dimensional echocardiography (r = 0.94).
These results suggest that simple and clinically useful quanti-
talive indexes of shunting across a ventricular septa) defect can be
derived from the flow convergence region proximal to the defect
.
lJ Am Colt Cordial 1991;18 :824-32)
Recently evolved Doppler color flow mapping techniques
have the ability to analyze the spatial distribution of blood
flow velocities (13-15) and appear to provide an accurate
method for detecting small or multiple ventricular seplal
defects, including those in the muscular septum (16-19) . A
few preliminary studies (20,21) have attempted to estimate
the pulmonary to systemic flow ratio using imaging
of
turbulent ventricular septal defect flows in the right ventri-
cle. However, these methods are subject to limitations of the
area in the right ventricle imaged, the variability of the
pressure differences driving the shunt flow and a variety of
instrument-related sources of variability (22,23),
Tire flair convergence
region . a region where a laminar
flow stream narrows and accelerates progressively proximal
to entering a restrictive orifice, is commonly visualized as an
aliased region by Doppler color flow mapping (24) and
measurements derived from imaging this region have been
applied to grading obstructive lesions (25) . Recent studies
(26-29) applying hydrodynamic principles to develop tech-
niques for evaluating the flow convergence region imaged by
Doppler color flow mapping have suggested a method for
quantitating regurgilanl flow volume that appears applicable
to "in vitro" flow models of mitral regurgitation . In a clinical
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series (27) the flow convergence region could be imaged in
90%p of patients with mitral regurgitation in whom it teas then
used to predict the angiographic grade of milral regurgita-
tion . A flow convergence region with flow acceleration has
also been documented proximal to ventricular septal defect
orifices on the left ventricular side of the defect in patients
with a left to right shunt.
The present study was undertaken to develop methods to
quantitatively evaluate the flow convergence region in pa-
tients with a ventricular septal defect and to test whether or
not the hydrodynamically derived methods demonstrated
experimentally in the model of mitral regurgitation could be
applied in a clinical setting to yield a method for estimating
the magnitude of ventricular septa] defect shunt flow .
Methods
Study Patients
Group I (Table 1) . Doppler color now mapping studies
were performed prospectively in 18 children (7 female and
I I male . 2 to 84 months of age mean 29 .8) at the time of the
study) . All patients had a single membranous ventricular
septal defect and all underwent subsequent cardiac catheter-
ization
. Seventeen patients had an unoperated ventricular
septal defect and one had a residual shunt through a ventric-
ular septal defect patch . Associated cardiac defects were
present in four patients
. Including Iwo with mild right
ventricular outflow tract obstruction . one patient with mild
(alunarauon
r)"'PI" Color Floc
.
aap mnc
bilateral branch pulmonary artery stenosis and one with a
previously repaired interrupted aortic arch, In two patients
.
aneprvsmal tissue was present on the right ventricular sur-
face of the septal defect .
Group 11 (Table 21 . This group of eight children (four
female and four male. 10 days to 192 months of age [mean
58 months)) were prospectively evaluated during routine
follow-up visits. All eight patients had a single ventricular
septal defect (membraneous in seven . muscular in one
patient) as their only cardiac defect, with left to right
shunting documented Ly clinical examination and complete
two-dimensional and color Doppler and pulseii wave echo-
cardiographic studies . In this group, only four of the patients
had undergone cardiac catheteiizatiou. This subgroup was
specifically studied to allow comparison between color Dopp-
ler and spectral Doppler methods of flow quantitation
.
Doppler Color Flow Mapping Studies
Imaging techniques. Two-dimensional echocardiography
and Doppler color flow mapping studies were performed in
all patients without sedation . Ultrasound studies were un-
dertaken a mean of 14 .2 days before cardiac catheterization
in all 18 Group I patients : in 10 of the 18
. they were
performed on the day of the catheterization (Table I) . A
Toshiba SSH 65A scanner was used in 15 Group I patients
and an Aloka 880 scanner in the other 3
. The studies with the
Toshiba instrument were performed with use of a 3 .75- or
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Table 2 . Data Ham Eight Patients in Group II
5-MHz transducer at a pulse repetition frequency of 4 or
6 kHz. The Nyquist limit velocity was 54 cm/s in I I of the
15 patients . 65 cm/s in 2 and 81 cm/s in 2 . The three studies
with the Aloka instrument were performed with use of a
5-MHz transducer . with Nyquist limit velocities of 31 and
46 cm/s . For all studies . the gain level was kept just below
that which produced static noise in the color signal . Color
sector size was limited to 45' to maximize line density and
frame rate . The images were obtained in parasternal long-
axis and oblique four-chamber views adjusted to provide
best imaging of flow through the ventricular septal defect .
Images were recorded on 0.75 in . (1 .81 cm) videotape to
allow frame by frame image review, The systolic frames
selected were those showing a maximal area of flow conver-
gence on the left septal side of the ventricular septal defect
proximal to the orifice .
Color flow mapping methods. The flow convergence re-
gion was defined on Doppler color flow mapping as a region
of laminar flow with aliased velocities entering the orifice .
The images of the flow convergence region selected had a
well characterized nonturbulent flow acceleration . including
one or more aliases in the left ventricle for flow going toward
the transducer through the defect (Fig. I) . For both Doppler
color flow mapping systems used. flow toward and away
from the transducer was coded in red and blue, respectively .
Therefore, flow across the ventricular septal defect that was
visualized coming toward the transducer in parasternal long-
axis and oblique four-chamber views provided images of
flow acceleration in the flocs' convergence region with in-
creasing red intensities
. followed by an aliasing to the
brightest blue color
. Further toward the defect . if the flow
velocity continued to increase, the bright blue colors were
often seen to change to a darker blue. with another aliasing
to red.
Measurements
. For each combination of pulse repetition
frequency . depth and transducer frequency, the value of the
Nyquist limit was displayed on the instrument screen . From
his Nyquist limit, a mean velocity value was assigned to the
; rst aliasing boundary imaged in the flow convergence
(ACC Vol . la. No. l
Clinical darn and The results for ventricular sepal defect shunt flow IQp - Qs) were determined by Doppler color and pulsed wave echocardiography.
Pulmonary To sp,mmic do, ratio IQp'Qsl was determined by spectral Doppler imaging. Four patients had all three studies . Abbreviations as in Table I .
region for flows progressing in a direction close to parallel to
the direction of interrogation . To measure the flow conver-
gence regions . a Sony Medical System 70G color image
analysis computer was employed . Measurements were per-
formed by a single observer who was unaware of the
Figure 1 . Patient 15 (Table D . Doppler color flow mapping study in
parastemal long-axis view in a patient with a ventricular septa)
defect showing the flow convergence region on the left septa]
surface . with the first aliasing from red to blue . Measurement of the
radius (R) from the orifice to the first sliming region is also shown
.
In this patient . the measured radius was 0.42 cm . corresponding to
the estimated flow rate of 9
.2lilers/rein per m', for a Nyquist limit of
54 cmls and body surface area of 0.39 m'- . Turbulent flow is seen
crossing the orifice and spreading within the right ventricle . The
arrowhead indicates the point on the electrocardiogram (below)
wherein this record was retrieved from the tine loop . Ao = aorta ;
ivs = interventricular septum: LA = left atrium; LV = left ventricle ;
RV = right ventricle .
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Figure 2
. Diagram of the flow convergence region with flow accel-
eration proximal to a ventricular septal defect orifice . Measurement
of the radius IR) from the first aliasing to the orifice is illustrated.
The flow equation is also shown : NL = Nyquist limit so e ;ity : Q =
flow through the orifice .
magnitude of shunt flow determined at cardiac catheteriza-
lion . The primary measurement was the radius measured
from the border of the first red alias to the center of the
imaged ventricular septal defect on its left septal side in a
direction parallel to the direction of interrogation . From this
measurement, flow indexes were derived and compared with
the hemodynamic data.
Doppler Color Flow Measarentent .s : Theor.r
Index of flow: the flaw convergence method
. Images of the
flow convergence region obtained by Doppler color flow
mapping can be characterized as concentric hemispheric
isovelocity boundaries for flow accelerating into the orifice .
The first aliasing region may be considered a hemispheric
isovelocity, surface for which the radius can easily be mea-
sured and a surface area can be calculated (26-29) . Because
all the flow crossing this boundary will cross the orifice, flow
velocity x area at this surface should equal flow velocity x
area at the orifice (continuity principle) . Multiplying the area
of the isovelocity hemisphere surface (cm) by the velocity
(Nyquist limit in cal along it yields an index of flow .
resulting in the equation :
Q = (2nR 2 x
NL x 60N
.000 .
where Q is the instantaneous flow through the orifice tin
literslmin) and 2nR'- is the formula for the surface area of a
hemisphere of radius R (Fig . 2) . Because for many patients
the system frame rate was insufficiently high to obtain more
than one frame of peak systolic flow . the systolic frames with
the largest flow convergence region for each patient were
selected for measurements from the videotape record . This
usually occurred in late systole on the peak or early on the
downslope of the T wave of the electrocardiogram because
of the slow frame rates and frame reconstruction delay time
on the Doppler color flow mapping scanners (Fig . 1) . The
maximal radii and therefore the maximal flows calculated
were normalized for patient body surface area and the
stiiisbs F.1 vi g'7
IIOPPIER .,, sirrlivOFSEFL11
.Drrct'rsitNr[10%,
result, for peak flow - were expressed in liters win per mc .
This fl- estimated from the flow convergence region was
compared with ventricular septal defect shunt flu, IQp -
Qsl
ark pulmonary to systemic flow ratio (Qp% Qs) deter-
mined by cardiac catheterization
. hearing in mind that the
flow convergence method depended on instantaneous max-
imal sow and the osimetrie determination reflected mean
rates of shunting.
Store simplified measurements . Because the srimary
red
measurement involves an alias distance or region cn the
images more simplified measurements were also derived
from the flow ccnsergence region and tested in this study .
including I I the radius of the flow convergence region iR) x
Nyquist limit velocity (NL . and 2) the largest area i ii . i s
determined by planimetry- of the image encompassing the
flow convergence region from the first aliasing boundary to
the center of the ventricular septal defect x Nyquist limit
(NL) . These indexes were also corrected for body surface
area and compared with the results for ventricular septal
defect shunt flow determined at cardiac catheierization .
M I,-
Doppler Co/Or than'Mnppittg and
Spa clot!
Doppler ;Sferhorl
far Group II Patiettfs
In addition to measurement of the flow convergence
region from Doppler color flow mapping in Group 11 pa-
tients, pulmonary and systemic flows were calculated from
pulsed Doppler and two-dimensional echocardiography by
previously reported methods (Table 2) 1%-II) . To accom-
plish this, four of the younger patients had to he studied after
sedation with chloral hydrate (Sit to 10 me/kg body weight) .
The Doppler color flow mapping and pulsed Doppler echo-
cardiographic studies in this group of patients were Pr .-
formed with use of either a Hewlett-Packard Sonus 5(10 . a
Toshiba SSH 160A or an Acuson 128 with 35-, 3 .75- or
5-MHz transducers at 4-KHz pulse repetition frequency and
Nyquist limits for Doppler color low mapping studies rang-
ing from dl to 62 curls . The images of two-dimensional
anatomy . color Doppler and pulsed Doppler echocardiog-
raphy were recorded on videotape for subsequent analysis
and measurements
.
For imaging of the flow convergence region by Doppler
color flow mapping in this group of patients . only a paraster-
nal long-axis view was used : the measurements of radius (R)
were performed as in Group t and flow was estimated by the
equation : Q = I2nRc x NL x 60111,00 (liters/min per m 2 ) .
The other Doppler color flaw mapping indexes calculated to-
Group I patients were not used in this group .
Estimation of systemic and pulmonary flow . Systemic
flow from pulsed Doppler echocardiography was estimated
by measuring the diameter of the aortic anulus, as imaged in
the parastemal long-axis view . directly from the trailing edge
of the aorta to the leading edge of the mitral anulus just
below the aortic valve
: the aortic velocities were obtained
with a pulsed Doppler sample volume positioned just distal
to the aortic leaflets from an anteriorly angled apical four-
828
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chamber view to image the ascending aorta (9,30) . Because
no Group 11 patient had an atrial septal defect documented,
pulmonary flow was estimated as flow crossing the mitral
valve by using a simplified method previously described
(11).
The maximal diameter of the mitral anulus was measured
during diastole in an apical four-chamber view and mitral
inflow velocities were obtained with the sample volume
positioned within the left ventricle at the tips of mitral valve
leaflets . Planimetry of the Doppler curves through the modal
velocities was performed as previously detailed (9,11,30) .
The results for pulmonary flow (Qp) and systemic flow (Qs)
were normalized for body surface area and expressed in
liters/min per m 2 , from which ventricular septal defect shunt
flow (Qp - Qs) (liters/min per m2 ) and the pulmonary to
systemic flow ratio (Qp/Qs) were calculated .
Cardiac Catheterization
All Group I patients and four Group 11 patients underwent
routine cardiac catheterization with use of meperidine (De-
merol), promethazine (Phenergan) and chlorpromazine
(Thorazine) sedation and employing a femoral venous with
or without an arterial percutaneous approach. The presence
of a ventricular septal defect was confirmed by angiography
and oximetry and additional cardiac shunt lesions were
similarly excluded
. The pulmonary to systemic flow ratio
(Qp/Qs) and ventricular septal defect shunt flow (Qp -
Qs),
expressed in liters/min per m2 , were determined with the
Fick principle with the patients breathing room air . Shunt
calculations were performed by using an assumed oxygen
consumption (31-33) and an average of two right atria]
saturations (or a right atrial and superior vena cava satura-
tion), two pulmonary artery saturations, the measured aortic
saturation and the pulmonary venous saturation when avail-
able (which was otherwise assumed to be equal to aortic
saturation) .
Statistical analysis
. The results for ventricular septal de-
fect shunting determined by cardiac catheterization and
pulsed Doppler echocardiography and the indexes calculated
from Doppler color flow napping images are presented as
the mean value and the range
. Correlation coefficients were
determined by using linear regression analysis . Comparison
between the Doppler color flow index determinations in the
four-chamber oblique and parasternal long-axis views was
performed by using a Student's t test ; p values of <--0.05 were
considered statistically significant
.
Results
Group t. At cardiac catheterization, typical angiographic
features and oximetric data for a ventricular septal defect
with a left to right shunt were found in all 18 Group I
patients ; no additional cardiac shunts were detected . The
hemodynamic measurements for each patient are shown in
Table l
. The mean right ventricular pressure was
45
.9 mm Hg, with a mean interventricular gradient of
"Equation far the regression between ventricular defect shunt flow
(Qp - Oat determined by cardiac catheterization and Doppler color flow
mapping in the parastemal long-axis and oblique four-chamber views
. A =
largest ptanimetry-derived area of the image encompassing the flow conver-
gence region; Max = maximal ; Min = minimal ; NL = Nyquist limit; R =
radius of the flow convergence region .
50 .3 mm Hg; the mean Qp - Qs was 4.7 liters/min per m2
and the mean Qp/Qs was 2 .3/I .
Satisfactory Doppler color flow mapping images for the
analyses proposed were obtained in at least one plane in all
18 patients . Images of the flow convergence region with a
hemispheric shape were obtained in an oblique four-chamber
view in 10 patients, in a parastemal long-axis view in 15 and
in both views in 7.
The mean, minimal and maximal values of each index,
R X NL, A x NL, and flow calculated as (2rrR 2 x NL x
60)11,000 normalized for body surface area, correlation co-
efficients, standard error of estimates and regression equa-
tions for the relation between the hemodynamically mea-
sured Qp/Qs and Qp - Qs and the Doppler color ultrasound
estimated flow are shown in Table 3 . There was a significant
correlation between each index and the hemodynamic vari-
ables of shunt flow (Qp - Qs and Qp/Qs) (Table 3). The
strongest correlation was observed between area, obtained
by planimetry, within the zone of the first alias x
Nyquist
limit velocity (A x NL) of the flow convergence region
obtained in the oblique four-chamber view and Qp
- Qs (r =
0.97) (Fig. 3). Even though a close correlation was observed,
the actual flow calculated from Doppler color flow mapping
images of the flow convergence region in parasternal long-
Table 3. Statistical Results
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R x NL A x NL
2vRr x NL x 60-
1,000
Paastemal long-axis view
(15 patients)
Mean 0.59 0.38 10 .96
Min 0.23 0.07 3 .70
Max 1.11 0.77 21 .00
nQp-Qs) 0.69 0.77 0.88
P(Qp - Qs) 0.004 0.001 0.001
SEE 0.20 0.13 2 .60
Equation
Y = 1 .39X +4
.48
,(Qp/Qs)
0.71
0.79 0.82
p(Qp(Qs) 0.003 0.001 0.001
SEE 0.2E 0.13 3 .34
Oblique four-chamber
ew (10 patients)
Mean 0 .04 0.37 12.87
Min 0 .21 0.12 7.96
Max 1 .04 0.63 27.12
9Qp-Qs)
0 .84
0.97 0.72
p(QP - Qs)
0 .003 0.001
0.02
SEE 0 .15 0.06 5.07
Equation Y = 1 .45X +4.09
OQWQs)
0 .76 0.92 0.72
P(QWQs) 0 .01 0 .001 0.02
SEE 0 .17 0 .07 5.13
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3
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Figure 3. Regression analysis between the planimetry-derived area
x Nyquist limit velocity of flow convergence imaged by Doppler
color flow mapping in the oblique four-chamber view in 10 patients
(ordinate) and the results of ventricular septal defect shunt flow
(Qp - Qs) determined at cardiac cathelerization labscissal . Results
on both axes have been normalized for body surface arc a Ir = 0.97:
SEE = 0.081.
axis (r = 0 .88) and oblique four-chamber view (r = 0 .721 by
the equation )2nrR2 x NL x 60)11
.000 significantly and
systematically overestimated the values of Qp - Qs deter-
mined by cardiac cathelerization (Table 3). This was to be
expected because the Doppler method employed is based
solely on flow imaged at peak systole rather than throughout
the cardiac cycle . The closest correlation between the flow
calculated from Doppler color flow mapping as (2nrR' x
NL x 60)/1,000 and Qp - Qs was obtained for flow conver-
gences imaged in the parasternal long-axis view (Fig . 4). In
patients who had flow indexes determined from both
paeastemal long-axis and oblique four-chamber views, there
was no statistical difference present between the two sets of
measurements .
The estimated flat° front images obtained in the paraster-
nal long-axis viea, also correlated well with QpIQs deter-
mined by cardiac cathelerization (r = 0.84) and allowed
separation of patients with a small shunt (Qp/Qs < 2 :11 from
those with a moderate or large shunt (QpIQs > 2 :1) (Fig . 5).
The indexes R x NL and A x NL were also able to
distinguish a small from a large ventricular septal defect .
To evaluate interrah.server raria(ilityt two different
frames from 10 patients in Group I were selected for mea-
surements of radius and planimetry-derived area by two
independent observers. As assessed by the mean difference
in measurements, there was <IOrk variability between the
two observers for measuring both the planimetry-derived
area and the radius .
Group II. In this group of patients . the Qp - Qs values
determined by pulsed Doppler echocardiography ranged
NOISES ET AL
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Figure 1. Regression analysis between the flow (liters/min per m)
calculated from Doppler color flow mapping images obtained in the
parasternal long-axis view in 15 patients using the equation 12oR' x
NL x 60V1 .000 (ordinate) and ventricular sepal defect shunt low
IQp - Qsl Ilitersmin per m=1 determined at cardiac catheterization
)abscissa)
. Both indexes were normalized for body surface area,
from 0.8 to 13 liters/min per m2 and the QpIQs values ranged
from 1 .3 to 3.7 . The results of the Cow estimated from the
flow convergence region imaged by Doppler color flow
mapping by using the equation Q = (2,nR'- x NL x 60)I1,gG)
ranged from '.9 to 13 .9 liters/min per m' (Table 2) and
correlated closely with the spectral pulsed Doppler values of
Qp - Qs (r = 0
.94) (Fig. 6). However. as in Group 1 . Doppler
Figure 5 . Grade of ventricular septal defect shunting (Qo/Qs) deter-
incd by cardiac cathelerization ICATHI labscissal and the values
of Qp - Qs determined by Doppler color flow mapping )ordinate) in
15 patients . Observe that this index can separate patients with a
ventricular septal defect with a small shunt (open square :
Qp/Qs
2 :1) and a large shunt (closed square : QplQs >2 :1) . There was a
statistically significant difference between the two groups (p < 0 .05)
.
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Figure 6. Regression analysis between the ventricular serial defect
shunt flow IQp - Qs) estimated from Doppler color flow mapping
images of flow convergence (ordinate) and flow estimated by spec-
tral pulsed Doppler echocardiography (abscissa( . The points shown
with an * correspond to the patients whose catheterization data arc
shown in Table 2 .
color ultrasound overestimated the ventricular septa] defect
shunt flow determined by spectral pulsed Doppler echocar-
diography.
Discussion
The magnitude of flow through a ventricular septal defect
is a function of both the orifice size and the continuous
pressure relations between the ventricles . For larger defects .
the boundaries of the flow convergence region extend out-
ward . In addition . for the same Nyquist limit (NL) and
orifice size. the first alias should occur more distant from the
defect if the pressure gradient and concordant flow velocity
acceleration are larger. The proposed indexes therefore vary
with the two determinants of transseptal flow : defect size
and driving pressure .
Accuracy of shunt flow measurements . Of all the flow
indexes calculated for Group I . the largest planimetry-
derived area of the flow convergence region (A) and A x NL
correlated mo..t closely with Qp -
Qs and Qp/Qs . particu-
larly for the precordial oblique four-chamber view
. The
radius of the flow convergence region (R) x NL correlated
closely with Qp - Qs and Qp/Qs for both views and this
index or A x NL could be used clinically as simple estimates
of shunt flow magnitude . In Group 1
. the flow calculated
from Doppler color flow images with the equation Q =
12,R2
X
NL x
60)11 .000 also correlated well with Op - Qs.
particularly for the parasternal long-axis v iew . in this group.
the slopes and intercepts of the regression analysis for both
echocardiographic views were similar but
. not surprisingly,
ventricular septal defect flow was overestimated in both
views . In Group 11 . the ventricular septal defect shunt flow
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estimated from the flow convergence region imaged by
Doppler color flow mapping correlated well with the shunt
flow estimated by pulsed Doppler echocardiography . but
also tended to overestimate flow compared with flow values
obtained at cardiac catheterization or spectral Doppler map-
ping .
Potential sources of error. Although the size of the flow
convergence region changes cyclically with changing pres-
sure gradients during the cardiac cycle, characterization of
the time course of this change could not be determined with
precision in this study because of the relatively low frame
rates employed in the two-dimensional flow mapping mode
and because man
; of the patients had a high heart rate at
rest . For this reason . just one frame per systole was used and
the systolic frame with the largest flow convergence region
was chosen . Therefore . the largest radius representing a
maximal flow state was used to estimate the flow state for the
entire cardiac cycle. whereas mean flow rates tend to be
reflected by cardiac catheterization (oximetry) or spectral
Doppler recording combined with two-dimensional echocar-
diography . This is probably the primary reason for the
overestimation of shunt flow observed in both groups . In
addition . Doppler color flow mapping studies were not
performed simultaneously with cardiac catheterization and .
unlike the latter, were usually undertaken in nonsedated
patients . The use of assumed (rather than measured) oxygen
consumption may have introduced an additional source of
error into the calculation of cardiac output based on the Fick
principle at the time of catheterization
(33) . Finally. although
attempts were made to standardize the sites of oximetric
sampling, differences in these sites also may lead to signifi-
cant variability in the calculation of pulmonary flow and
Qp/Qs (34).
Minimizing measurement-related difficulties . For small
flow convergence regions or short distances from the first
alias to the orifice (at low flow rates), difficulties in measure-
ment accuracy and reproducibility may occur. Some mea-
surement problems can be avoided by using zero shifting or
employing high frequencies for imaging or a lower pulse
repetition frequency, or both, to maximize this disturbance
by lowering the velocity at which aliasing occurs (27) .
Magnifying the area of interest and limiting the flow mapping
only to that region of interest to maximize sampling density
and velocity accuracy should also assist this determination .
Recusani et al . (27) showed an inverse relation between the
Nyquist limit velocity and the radius of the first alias in the
flow convergence region. Using the same equation [Q =
(2nR'- x NL x 60)ll,R001 to calculate regurgitant flow
through in vitro orifices . they observed a closer correlation
with actual flow rate when lower aliasing velocities were
used (27) .
Because flows in other regions of the left ventricle
are proceeding in other directions, there is at times difficulty
in obtaining a clear definition of flow convergences at
>1 .2 cm from the septum : therefore, determination of the
flow convergence region at a reasonably close proximity to
the site of the ventricular septal defect seems preferable .
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The actual relociiv cfeternrirrations in Doppler color !fun
mapping studies rare with angle . Measurements performed
in this study were based on flow that was for the most part
parallel to the Doppler beam and moving toward the trans-
ducer, allowing images of nearly symmetric hemispheric
Nyquist boundaries . Additionally, radii of flow convergence
were always measured in a direction nearly parallel to the
direction of interrogation . Increasing the angle between the
Doppler ultrasound beam and the area of the planimetry-
derived flow
convergence region may decrease the radius
and the area
of
the planimetry-derived flow convergence
zone, leading to a lower flow estimate, Although our results
were obtained in parasternal lung-axis and oblique four-
chamber views, any other view that provides an orientation
parallel to flow through me septum with good Doppler
sensitivity
. such as the subcostal or parasternal sho f-axi,
approaches, can be used for this analysis
.
Comparison with spectral Doppler methods
. The estima-
tion of systemic and pulmonary blood flow with nvo-
dimensional and spectral Doppler echocardiography and the
ability of these methods to predict ventricular septa) defect
shunt flow and pulmonary to systemic flow ratios have been
validated in a number of clinical and experimental studies
(8-11) . Although the spectral Doppler methods have proved
accurate and may even exceed the accuracy of the methods
reported in our study, they are limited by the need for near
simultaneous aortic and mural valve diameter and flow
velocity estimation, as well as by the time required for mean
velocity determination and conversion of valve diameter to
flow
area
. In contrast, measurements of the radius and
planimetry
of the area
of flow convergence can be performed
directly on the screen
of
the Doppler color flow mapping
system, making this method faster and easier to perform
than pulsed Doppler shunt flow estimation . Among Group II
patients, a mean of 14 min was required to obtain the color
Doppler-derived shunt flow (Qp - Qsll whereas for the same
patients an average
of 40
min was required to obtain and then
compute the same results by spectral Doppler methods . The
proposed flow convergence method may also be helpful
when coexisting abnormalities of the mitral or aortic valve
complicate the estimation of systemic or pulmonary flow by
pulsed Doppler echocardiography
. When several ventricular
septa) defects exist, it may be possible to analyze the flow
convergence region to assess the flow through each defect
(29) .
Conclusions and future applications. Previous Doppler
color flow mapping estimates of volume flow for regurgitan
volume or regurgitam fraction for valvular lesions and shunt
flow volume through interventricular defects have for the
most part been based on measurements of the turbulent
variance-encoded jet flow areas imaged inside the receiving
chamber (20.21,35.361
. Our study demonstrates that ventric-
ular septa) defect shunt flow derived from Doppler color flow
mapping and employing images of an organized laminar flow
region (flow convergence region) may serve as an estimate of
shunt magnitude in patients with ventricular septul defect .
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The ame concepts have been applied to develop a method
for estimating valvular regurgitam flow volume 117) . The
development of such methods exemplifies how hydrody-
namic principles can be applied to the analysis of Doppler
color floe: mapping images to advance our understanding of
the information displayed and assist in the development of
further quantitative approaches . A or dud designed to
oh-
lain
a mean temporal measurement of the hemisphere radius
land mean flow) during the cardiac cycle, similar to the mean
velocities used for spectral Doppler analyses . could poten-
tially be derived by using time variations observed on the
Doppler color flow M-mode overlay (M-Q display) or from
spectral continuous wave Doppler timing of events 1371
. so
:a to oblaln re,u t, with flow averaged over the cardiac cycle
and more closely related to shunt Row derived from cardiac
catheterization . Nevertheless, the simplified and easily ob-
tainable estimates presented in this report may be applied
without modification and appear to provide clinically useful
and serially applicable information in infants and children
with a ventricular seplal defect
.
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